optical Frequency Shift Keying Method 



The invention is based on a priority application EP 02360244.4 which is 
hereby incorporated by reference. 

Field of the Invention 

The present invention relates to the field of optical transmission and more 
particularly to a method of transmitting an optical signal using optical 
frequency shift keying (FSK) modulation. 

Bacicground of the Invention 

Typically, optical transmission systems use intensity modulation (IM), i.e., a 
digital signal is modulated onto an optical carrier signal by modulating the 
amplitude of the optical carrier. Such systems suffer from certain limitations 
caused by fiber dispersion on the transmission link and laser chirp of directly 
modulated lasers in the transmitters. In addition, fiber non-linearity imposes 
further restrictions on such systems. 

However, more advanced transmission methods use frequency shift keying 
(FSK), i.e. the optical frequency of the carrier is modulation with the digital 
signal to be transmitted. A method known as DST (Dispersion Supported 
Transmission) that uses optical FSK modulation is defined in ITU-T G.691e, 
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appendix III. Opiical FSK permits longer fiber spans between signal 
regenerators and simplified transmitter design as it utilizes the chirp effect of 
directly modulated lasers. 

A characterizing parameter of FSK modulation is the modulation index h, 
which is defined as the maximum frequency separation divided by the bitrote 
of the digital signal. Typically, this parameter h is chosen to be larger than 
0,5. FSK modulation with h=0,5 is also known as MSK (Minimum Shift 
Keying), as 0,5 is typically the smallest value of h that should be used because 
under linear transmission influences the receiver sensitivity is drastically 
reduced at smaller values of h. 

It is an object of the present invention to provide an optical transmission 
method and system with increased maximum launch power of the optical 
signal, increased receiver sensitivity and higher spectral efficiency. 

Summary of the Invention 

These and other objects are achieved by a method of transmitting a digital 
signal over an optical fiber link using frequency shift keying modulation at a 
modulation index h<0,5. Under the impact of a non-linear transmission effect 
in the optical fiber, this surprisingly leads to an increase in maximum 
permitted launch power of the optical signal, increased receiver sensitivity and 
an increased spectral efficiency. 

Using a directly modulated laser in the optical transmitter, the maximum 
bridgeabie link loss for h<0,5 can be increased by about 3 dB with respect to 
the conventional MSK (h=0,5) at 10 Gbit/s transmission bitrate on a standard 
single mode fiber. The improvement compared with transmission systems 
using intensity modulation is even larger. 
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Bri f Descripti n of the Drawings 



A preferred embodiment of the present invention will now be described with 
reference to the accompanying drawings in which 



figure 1 shows an optical transmission system using FSK modulation; 
figure 2 shows in a measurement diagram a comparison of the required 

optical signal-to-noise ration (OSNR) between MSK (h=0,5) and FSK 

modulation according to the invention; 
figure 3 shows in a measurement diagram the increase in span loss of the 

FSK modulation according to the invention; 
figure 4 shows a measurement of an optical spectrum using prior art MSK 

modulation; and 

figure 5 shows a measurement of an optical spectrum using the FSK 
modulation according to the invention. 



Detailed Description of the invention 



Figure 1 shows an embodiment of an optical transmission system using FSK 
modulation. An optical transmitter TX generates an optical FSK signal OS, i.e., 
an optical carrier signal which is modulated in frequency with a digital signal 
DS to be transmitted. The digital signal DS has a bitrate of 10,7 Gbit/s, which 
is the bitrate of the OTU2 signal as defined by the new standard for Optical 
Transport Networks (ITU-T G.709), capable of transporting an STM-64 signal 
of the Synchronous Digital Hierarchy. 

In the embodiment, a directly modulated laser diode is used as optical 
transmitter TX. This is a very simple and cost effective implementation of an 
optical transmitter, because it utilizes the chirp effect of the laser diode to 
modulate the optical carrier generated by the laser in frequency. The 
underlying physical effect is that the bias current modulates the refractive index 
of the laser diode. This causes a modulation of the optical length of the laser 
cavity and thus a modulation of the wavelength of the optical signal, which 
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corresponds to o frequency modulation. The modulation of the bias current 
further causes an undesired intensity modulation. However, if the DC bios 
component is large compared to the AC bias component of the digital signal 
DS, the intensity modulation is relatively smalt compared to the frequency 
modulation. In the embodiment, the DC bias component is chosen to be 
60mA while the digital signal adds an AC bias component of 13mA peak-to- 
peak (for a typical laser FM-efficiency of 400 MHz/mA). 

The optical signal OS is transmitted over an optical fiber SMF, which in the 
embodiment is a standard single mode fiber. At the receive side end of the 
optical fiber SMF, the optical signal OS is fed to an optical receiver ORX which 
performs optical demodulation to recover the digital signal DS'. As shown in 
figure 1 , the optical receiver ORX contains an optical filter F, a pair of photo 
diodes PDl, PD2 coupled to the filter and a differential receiver RX. 

The optical filter coverts the FSK modulation into IM modulation. In the 
embodiment, the optical filter is a Mach-Zehnder-lnterferometer (MZI), which 
can be realized based on fibers, e.g. with fused fiber couplers, or based on 
integrated optics. The output from the two interferometer arms of the AAZI is 
applied to photodiodes PDl , PD2. The advantage of a MZI filter as in the 
preferred embodiment is that the two interferometer arms can be connect via 
corresponding photodiodes PDl, PD2 to a differential receiver RX. In this 
configuration, residual intensity modulation and optical intensity noise, e.g. 
such as introduced by optical amplifiers, can be reduced, thus, leading to 
increased receiver sensitivity. 

In an even more preferred embodiment, the optical receiver OR is an adaptive 
receiver, for instance a receiver with adaptive electronic equalization features, 
instead of a conventional optical receiver. The advantages of differential 
detection and adaptive electronic equalization can be combined in a preferred 
way by using separate adaptive electronic linear equalizer filters and 
combining the signals before regeneration. Instead of an MZI, other types of 
optical filters such as fiber gratings or Bragg gratings can also be applied. 
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Optionally, fiber dispersion con be compensated by an optical dispersion 
compensation unit (DCU). Optical amplifiers (not shown in figurel) can also 
be applied in the system along the transmission link SMF. For example optical 
amplifiers can be placed after the transmitter TX as an optical booster 
amplifier and in front of the optical demodulator filter F as an optical 
preamplifier. 

Measurements have been carried out at a bitrate of 1 0,7 Gbit/s using a 
directly modulated laser as an optical transmitter, a booster EDFA (Erbium- 
doped fiber amplifier), a single mode fiber with optical dispersion 
compensation at the receiver side, an optical pre-amplifier (EDFA), an ASE 
noise filter, a fiber based MZI as optical demodulator and an adaptive optical 
receiver with only single photodiode input (as compared to twin photodiode 
input in figure 1). ASE stands for Amplified Spontaneous Emission. Optical 
amplifiers produce in addition to the amplified optical signal a broadband 
noise signal due to ASE. An EDFA for instance produces ASE noise typically in 
the range between 1530nm and 1560nm. The ASE noise filter is a narrow 
band pass filter with a spectral width of about Inm and serves to reduce this 
ASE noise signal in the receiver. 

As an experimental result, the optical signal to noise ratio (OSNR) required to 
obtain a bit-error- ratio (BER) of 10"^ versus mean optical power P^,, launched 
into the fiber is shown in Figure 2 for different values of the modulation index 
h as a parameter. 

It was commonly accepted in the art that the minimum value of the 
modulation index h that can be applied is h = 1/2, i.e., the FSK frequency 
separation is half the bitrate. It was commonly understood in the art that this is 
necessary to ensure the orthogonality of the signals for mark and space (see 
for example the widely known text book "Digital Communications" by John G. 
Proakis, third edition 1995, page 197). FSK modulation with h = 1/2 is 
therefore called Minimum-Shift Keying (MSK). For linear transition, i.e. in the 
regime of low power transmission (Psmf 0 dBm), the experimental results in 
figure 2 indeed show the best performance, i.e. the lowest OSNR value for 
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hwl/2 (MSK). For o lower modulation index h«l/3 a larger OSNR is required 
at low power to achieve the same BER. 

In the non-linear regime at Psmf»20 dBm, however, i.e., under the influence of 
fiber non-linearity, the situation is completely different: The results shown in 
figure 2 clearly demonstrate that the performance using a reduced modulation 
index of hwl/3 is much better than for h »l/2 (MSK). The non-linearity limit, 
i.e. the maximum possible Pj^f for a certain OSNR penalty is significantly 
increased. Also shown in figure 2 is a third measurement curve where for each 
value of PsMF *he best modulation index h = h^,„ was used in order to obtain 
the minimum value of OSNR. The best modulation index h^i^ in this curve is in 
the range between 1/2 and 1/3. These results thus show that h„in<l/2 and 
that a better receiver sensitivity (i.e., a lower OSNR) and an increased non- 
linearity limit is achieved as compared to h »l/2 (MSK). 

The improvement in transmission characteristics is due to a non-linear effect in 
the optical fiber that is known as the optical Kerr effect, which causes a 
modulation of the refractive index in the optical fiber by the optical signal at 
higher power levels (>10dBm), which distorts the optical signal. This effect 
typically limits the maximum optical power that can be launched into the 
optical fiber because at some point, the effect becomes pre-dominant and 
distorts the optical signal on its way through the optical fiber so much that 
signal recovery at the receiver side can no longer be achieved without 
unacceptable high bit error rate. However, the use of a lower modulation 
index h<l/2 now surprisingly reduces the signal distortion at higher power 
levels (between lOdBm and 20dBm) and shifts the limit for maximum optical 
launch power towards higher levels (>20dBm). 

Obviously, a higher power input signal can pass through a longer fiber span 
without amplification and signal regeneration. To demonstrate the 
improvement by the invention in terms of fiber loss, the bridgeable span loss 
versus launch power Pjmf is shown in figure 3. As can be seen, the 
measurements show that for a reduced modulation index h<l/2, the 
maximum bridgeable span loss can be increased as compared to h »l/2 
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(MSK), In this experiment the measured improvement in span loss was 3.2 dB. 
The launch power Ps^f can be increased by 2.6 dB. 

As con be seen from figures 4 and 5, the spectral width of the optical signal 
from the transmitter is also reduced when a reduced modulation index Is 
applied (note the different horizontal scales). For example, the -10 dB width is 
reduced to about 60% of the MSK value. Therefore, the invention also 
increases spectral efficiency, as more frequency channels would fit Into a given 
spectral band. 

As a conclusion, it can be sold that while it was widely accepted in the art that 
h=l/2 is the minimum modulation index for FSKthat should be applied, we 
found out that in the non-linear regime the performance is improved by the 
use of a reduced modulation index h<l/2. This improves certain transmission 
characteristics: Due to the fiber non-linearity, the maximum launch power is 
increased. The receiver sensitivity is increased (lower OSNR) the bridgeable 
span loss is increased and the spectral width is decreased (higher spectral 
efficiency). 
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